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Bell holes are described as vertical, cylindrical, dissolutional cave ceiling voids. 
Quantitative analysis ofbell holes in San Salvador, Bahamas; Isla de Mona, Puerto Rico; 
Kentucky; and New York permit bell hole morphology to be contrasted in various 
geological settings and speleogenetic regimes. 
Mean bell hole height is 36 cm with a width of 34 cm and cross-sectional area of776 
cm 2. Bell holes have elliptical openings, conical to cylindrical profiles, strong vertical 
development, and sometimes are associated with bell pits. Bell hole width remains 
constant between the study localities, but height varies. 
Several processes have been proposed to explain bell hole development: bat activity, 
condensation corrosion, phreatic degassing, vadose percolation, and phreatic convection 
cells. The vadose mechanisms seem unreasonable in light of bell hole morphology and 
setting. Thus, a phreatic process functioning in a laminar or slow-moving turbulent flow 
regime most likely accounts for bell hole formation. 
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The research presented here examines dissolution features found in cave 
ceilings called "bell holes" to quantify their morphology and assess the processes 
proposed to explain their formation. Wilford ( 1966) defined bell holes (Figures 1-
3) as elongate, cylindrical, ceiling cavities with circular cross-sections, long vertical 
axes, smooth walls, and diameters of 15 to 3 5 cm. He also described them as 
apparently unaffected by the dip, bedding, joints, and lithology of the host rock. 
This definition has been frequently modified and/or broadened in the literature as 
more bell holes have been recognized in a variety of geological and geographical 
settings around the world (Ford and Williams, 1989). One such addition to the 
definition has been the observation of"bell pits" in caves on San Salvador Island. 
Bell pits, are broad shallow depressions in a cave floor, typically formed directly 
below the bell hole with which they are associated. 
Despite widespread observation and conjecture, bell hole formation has not 
been definitively attributed to a particular process. In order to associate bell holes 
with a specific mechanism, they were quantitatively measured and catalogued in a 
1 
lLimestone Host Rock 
Cave 
2 






Plan View of Bell Hole Opening 
Figure 2. Cross sectional profile of a bell hole illustrating the 
three perpendicular axes of a bell hole. 
4 _ 
Figure 3. A. Bell hole in Saltpetre Cave, Kentucky. The side of the bell hole facing the 
camera has been truncated making it easier to see the inside of the bell hole. (Photo by 
Annette Summers Engel) 
5 
variety ofgeographical and geological settings to determine statistically if any 
overriding patterns in shape or distribution exist. With this information, bell hole 
genesis can be discussed in the context of several mechanisms that have been 
proposed to explain their origin. 
Objectives 
Numerous dissolution features are typically found in cave ceilings. These 
features include cupolas (Szunyogh, 1984), cups (Slabe, 1995), ceiling dents 
(Bogli, 1980), inverse solution pockets (Bogli, 1980) and ceiling pockets (Bretz, 
1942). The descriptions for these features are quite variable and often overlap one 
another. Thus, because ofmorphological similarities it is often hard to associate a 
name ( as defined in the literature) with a particular dissolutional feature. 
However, bell holes are morphologically distinct from other ceiling dissolutional 
features; as a result there is general agreement between researchers on what does 
and does not constitute a bell hole. The processes responsible for forming these 
features are obviously important in the modification of cavernous porosity in 
carbonate rocks, yet they remain poorly understood due to a lack of quantitative 
analysis. Thus, understanding bell hole morphometry and distribution provides a 
means for investigating the mechanisms responsible for the formation of ceiling 
dissolutional features. 
In addition to assessing what mechanisms may be active in bell hole 
formation, three interdependent questions are quantitatively addressed: 1) is bell 
6 
hole genesis truly independent oflithology, structure, and geologic setting, 2) what 
is the typical range ofbell hole diameter, height, shape variation (both within and 
between individual bell holes), and distribution, and 3) can differences in bell hole 
morphology be distinguished in various geologic settings. The answers to these 
questions may eventually lead to a better understanding of the role that 
dissolutional processes play in the modification of cavernous porosity during and 
after diagenesis. 
Review of Related Research 
Five arguments, mostly based upon qualitative interpretation, have been 
presented to explain the origin ofbell holes or similar features: 1) phreatic 
development beneath a water table (Bretz, 1942); 2) development during 
floodwater events (Wilford, 1966); 3) condensation corrosion (Tarhule-Lips and 
Ford, 1995; 1996); 4) hydrothermally enhanced dissolution (Szunyogh, 1984); and 
5) biogenetically by the decomposition of bat guano (Miller, 1990). These 
arguments can be categorized as: vadose development ( condensation corrosion 
and bat activity) and phreatic development (below the water table, by intermittent 
flood water inundation, and hydrothermal activity). 
Currently, most karst researchers favor either condensation corrosion or flood 
water mechanisms for bell hole formation. One flood water theory (Mylroie, 1997, 
pers. comm.) requires that the cave be flooded, or episodically flooded, trapping 
and collecting CO2-rich air bubbles beneath high points in the ceiling as degassing 
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and/or aerobic decomposition ofinwashed organic material occurs. The trapped 
air bubbles would provide a "microenvironment" in which water and CO2 could 
mix leading to ceiling corrosion. This process has been described by Mylroie 
( 1997, pers. comm.) as "negative pebble dissolution" in which the bubbles are the 
corrosive analog to the corrasive action of cobbles forming a pothole in a bedrock 
stream channel. Once a specific ceiling indentation begins to enlarge by dissolution 
it would preferentially trap air bubbles initiating a positive feedback cycle. 
Alternatively, condensation corrosion could form bell holes by condensing 
aggressive water droplets on the ceiling of a cave in the vadose zone. The 
condensed water would then drip from the ceiling, carrying its solute load away, 
and then be re-evaporated, beginning the dissolution cycle all over. Condensation 
corrosion provides a mechanism for extensive dissolutional modification of caves 
within the vadose zone that requires only minimal amounts of recycled cave 
moisture. 
Other hypotheses suggest that bell holes and similar features form below the 
water table (Bretz, 1942; Szunyogh, 1984). A mechanism that can be theorized is 
that as water moves through a submerged phreatic passage convection cells form 
and in some cases become "trapped" by irregularities in the ceiling and/or floor. 
The convection cell would enhance dissolution in the bedrock adjacent to it. As 
the dissolutional indentation becomes larger it would continue to keep the 
convection cell locked in place. As this positive feedback cycle proceeds, the 
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indentation will become deeper, eventually forming a bell hole. The presence of 
highly aggressive hydrothermal water could work alone or in association with this, 
or other phreatic processes, to form bell holes. 
Miller (1990) observed that in caves he visited bell holes did not occur beyond 
sumps and other obstacles which blocked access to bats. He suggested that the 
dissolution is caused by the introduction ofbat guano as bats roost on the ceiling. 
In this way, the roosting point is eventually deepened to form a bell hole. As the 
bell hole becomes larger it is a more favorable habitat for the bats because it traps 
warmth. Thus, bell holes would form only in parts of the cave which are accessible 
to bats. 
Ford and Williams (1989) describe bell holes as "enigmatic" and note an 
absence of quantitative data about bell hole configuration and characteristics. 
Beyond the mostly qualitative research mentioned above, very little work has been 
done specifically regarding bell holes. However, several studies have focused on 
the development and/or interpretation of other dissolution features. Bretz (1942) 
was among the first to consider the relationship between dissolutional features and 
speleogenesis. Slabe (1995) attempted to quantitatively analyze the shape 
characteristics of a broad range of dissolutional features found in European caves 
and compare these data to dissolution modeling using plaster ofParis. He then 
synthesized these combined results into a broad based analysis of the origin of 
dissolutional features . Other work utilizing plaster modeling was successfully done 
9 
by Lauritzen ( 1981) to examine the development of roof pendants, scallops, half 
tubes, ceiling channels, and anastomoses. Others have also analyzed the formation 
and/or significance of specific dissolutional features such as scallops ( Curl, 197 4) 
and concave dissolution pockets (Rice-Snow et al., 1997). 
Disciplinary Relevance of Proposed Research 
Slabe (1995) has suggested that the dissolutional features (i.e., bell holes, 
scallops, flutes, pendants, anastomoses, etc.) imprinted into the walls, floor, and 
ceiling of many caves may be the best preserved records of crucial events in the 
speleogenetic history of a cave. A review of the literature indicates that more and 
more workers are using bell holes and other dissolutional features to extrapolate 
information about cave development. Quite often these interpretations lack a 
strong quantitative basis and are therefore hotly debated (e.g., Mylroie et al., 
1995b vs. Tarhule-Lips and Ford, 1995; 1996). In this light, the question of how 
bell holes ( and other dissolutional features) form is significant because the answer 
leads to a broader understanding of how caves develop. Specifically, it allows the 
processes involved in speleogenesis to be more accurately interpreted by 
examination of the dissolutional features preserved in many caves. 
Answering the question of how bell holes ( and other dissolutional features) 
form may eventually lead to a broader appreciation ofhow cavernous porosity, 
which is produced mainly in the phreatic zone during cave development, is 
modified during the diagenesis of carbonate rocks. Among other things, cavernous 
porosity can be utilized as a pathway for pollutant migration (Quinlan and Ray, 
1995) or, after moderate to deep burial, serve as a reservoir for hydrocarbons 
(Craig, 1988). If condensation corrosion were to play a role in the origin of bell 
holes, it may then be implied that significant modification of cavernous porosity 
can occur in the vadose zone with only minimal amounts ofwater. Thus, 
understanding how bell holes form allows both the characteristics of potential 
hydrocarbon reservoirs and the development of pollution migration pathways to be 
better understood. 
Geologic Settings 
To determine ifbell holes show definite characteristics that transcend local 
geology, they were examined in four disparate settings in which the geology and 
caves have been well documented: 1) the central Kentucky karst area, including 
Mammoth Cave National Park (Palmer, 1981; Figure 4) and the Carter Caves 
State Park region in eastern Kentucky (McGrain, 1966; Figure 5); 2) upstate New 
York (Mylroie, 1977; Figure 6); 3) Isla de Mona, Puerto Rico (Mylroie et al., 
1995b; Figure 7); and 4) San Salvador Island, Bahamas (Mylroie and Carew, 
1995a; Figure 8-9). The Kentucky localities demonstrate bell hole and other 
dissolutional characteristics in dense Paleozoic limestones, where cave 
development proceeded in a mid-continental, fluviokarst setting over a long period 
of time; whereas upstate New York offer caves developed in a glacial, fluviokarst 





Figure 4. Location ofMammoth Cave National Park, Central 







Figure 5. Location of Carter Caves State Park, Eastern Kentucky (Modified from 
Kentucky State Parks Web Site, 1998). 
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formed by mixing of fresh and marine water without true conduit flow. The Isla de 
Mona caves have been demonstrated to be at least 1 million years old (Mylroie et 
al., 1995b ), providing an extended time window, as in Kentucky, for bell hole 
development. San Salvador Island is also an oceanic setting with caves formed by 
mixed water, but there the caves are less than 125,000 years old ( Carew and 
Mylroie, 1995a), placing severe limits on the time window for bell hole 
development. By comparing data from these diverse settings the overriding 
characteristics ofbell holes morphology and size were discerned. These key 
observations place stringent constraints on the process( es) responsible for bell hole 
formation. More detailed geologic descriptions of research localities are given 
below. 
Roppel Cave, Kentucky 
Roppel Cave is a portion of the Mammoth Cave-Flint Ridge System in west-
central Kentucky located 160 km south ofLouisville on the boundary between the 
Pennyroyal Plateau and the Chester Upland. Palmer (1981) and White and White 
(1989) provide a thorough description of the geology and karst geomorphology 
and hydrology of the region. The primary cave forming limestones are the 
Mississippian St. Louis, St. Genevieve, and Girkin Formations. These rocks are 
overlain by mostly elastic caprocks of later Mississippian and earliest 
Pennsylvanian age. The Mammoth Cave-Flint Ridge cave system is part of a 
complex hydrologic network draining 2480+ km2 of land east and south of the 
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Green River (Quinlan and Ewers, 1989). The strata in the area generally dip 
northwest 0.5° toward the center of the Illinois basin, although localized dip 
variations due to depositional irregularities are often significant (Palmer, 1981; 
1989a). The trends of individual passage segments are controlled by local 
irregularities in bedding attitude which overprint the general trends ofcaves and 
cave passages which are influenced by the dip of regional structures (Palmer, 
1989a). The cave system consists of five distinct levels, each ofwhich reflect 
periods ofstatic fluvial base level during the incision ofthe Green River (Palmer, 
1989b). Schmidt (1982), using paleomagnetic evidence, determined that the 
Mammoth Cave-Flint Ridge system began forming ~1-2 million years ago. 
However, recent work by Granger and Palmer (1997) using AVBe isotope ratios in 
quartz-rich sediment shows that the upper levels ofthe cave system contain 
sediment on the order of 3 million years old. These sediments appear to be part of 
a secondary fill that followed earlier episodes of sedimentation. Thus, cave 
development was most likely initiated much earlier. 
Carter Caves State Park, Kentucky 
Carter Caves State Park is located 140 km east-northeast ofLexington, 
Kentucky (Figure 5). McGrain (1966) provides a geologic description ofthe area; 
however, the nature and history ofthe speleogenesis ofcaves in the region lacks 
the thorough study enjoyed by the Mammoth Cave-Flint Ridge cave system. 
Caves in the park are formed mainly in Mississippian St. Genevieve limestones, 
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which are extensively jointed and confined by shale and sandstone units that 
restrict water movement in the subsurface. As a result, cave development appears 
to have been controlled by a combination of lithology and widespread jointing of 
the bedrock. Typically, caves in the park are less than three kilometers in length 
and generally are of an abandoned phreatic or phreatic-maze configuration. Cave 
passage patterns often suggest that joint-controlled multilevel mazes have formed 
as water has searched for a pathway downward through the impermeable 
interbedded elastics. Other caves are mostly short phreatic conduits. No definitive 
studies on the age of caves in the area have been performed, although cave 
development probably occurred in association with the Quaternary downcutting of 
Tygart's Creek (a tributary of the Ohio River), which is the local base level. 
Helderberg Plateau, east-central New York 
The Helderberg Plateau is approximately 50 km west of Albany, New York in east-
central New York. This prominent physiographic feature is constructed ofUpper 
Silurian-Lower Devonian limestones sandwiched between Ordovician and Devonian 
shales and sandstones. The resistant limestones have formed a series of cliffs referred 
to as the Helderberg Escarpment. Mylroie (1977) provides an excellent description 
of the stratigraphy and structure of the regional bedrock and its relationship to cave 
formation. Speleogenesis in the area is estimated to have begun in the late Pliocene 
( 2 million years ago) and was heavily influenced by the regional dip of the area 
which is one to two degrees south-southwest (Mylroie, 1977). 
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The karst features in the area were significantly affected by Pleistocene glaciation 
(Mylroie, 1977). Although glaciation was detrimental to surficial karst features 
because of quarrying and burial, subsurface flow systems as a whole experienced an 
increase in both complexity and size due to increased confluent input, occlusion of 
resurgences resulting in enlargement of subsidiary passages, and removal of overlying 
elastic rocks providing a larger exposure of limestone at the surface (Mylroie, 1977). 
Isla de Mona, Puerto Rico 
Isla de Mona is a 5 5 km2 carbonate platform located in the Mona Passage 60 km 
west ofPuerto Rico. The island is almost completely surrounded by 40-80 m vertical 
cliffs extending 40 m or more below sea level, except along parts of the south and west 
sides of the island where a narrow coastal plain is located (Briggs and Seiders, 1972). 
The carbonates on the island are Miocene-Pliocene in age and were deposited on a 
tectonically uplifted fragment between the Caribbean and North American Plates 
(Kaye, 1959; Masson and Scanlon, 1991). Although the bedrock on the platform is 
essentially horizontal, local undulations may display dips up to 3. 5° and a broadscale 
synclinal warping results in a very gentle plunge to the south-southeast (Kaye, 1959; 
Briggs and Seiders, 1972). 
Cave entrances occur virtually everywhere along the exterior perimeter of Isla de 
Mona as the large flank margin cave chambers have been breached by cliff retreat. The 
caves extend 50-240+ m into the platform from the vertical cliffs (Mylroie et al., 
1995b; Raeisi and Mylroie, 1995). Caves at elevations of almost 70 m are much higher 
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than any Quaternary glacio-eustatic sea level highstand and provide strong confirmation 
for the tectonic uplift of the island (Mylroie et al., 1995b). Mylroie et al. (1995b) 
determined that the minimum age for the onset of speleogenesis is 1.67 million years 
(Matuyama chronozone) based upon paleomagnetic analysis of sediments and 
speleothems in Cueva del Aleman. The large size of the caves and paleomagnetic 
dating of speleothems indicate that the island experienced a prolonged period of 
stability subsequent to emergence of the platform ( necessary in order to produce a 
catchment for fresh water) and before the onset of Quaternary glacio-eustatic sea level 
fluctuations, thereby allowing for a period of extensive cave development (Mylroie et 
al., 1995b; Mylroie and Carew, 1995b). All caves entered on the island have two sets 
of speleothems. One set is older speleothems that appear to have been subjected to 
phreatic dissolution and the other is a more recent set of cave deposits that have not 
been attacked by dissolution. This suggests that after cave development a period of 
vadose exposure was followed by a phreatic reinvasion, or possibly a series of such 
events. Further evidence for the phreatic-vadose sequences is the presence of paleosol 
sediments and breccia in-fills deposited in the cave which have also been exposed to 
phreatic dissolution. 
San Salvador Island, Bahamas 
San Salvador Island (Figure 8) is an isolated carbonate platform located 600 km 
east-southeast ofMiami, Florida, in the Bahamian Archipelago (Figure 9). The San 
Salvador platform is tectonically stable and undergoes 1-2 m of isostatic subsidence per 
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hundred thousand years (Carew and Mylroie, 1995a). Most of the platform is 
subaerially exposed with approximately 161 km2 of land reaching a maximum elevation 
of 40 m above mean sea level (Mylroie et al., 1995b). 
Subaerially exposed rocks on San Salvador are late Quaternary carbonates and 
include subtidal, beach, eolian, and paleosol facies (Carew and Mylroie, 1995b ). 
Pleistocene subtidal facies predominate at low elevations, while rocks above 6 m are 
exclusively eolianites (Carew and Mylroie, 1994). Carbonate deposition is controlled 
by glacio-eustatic sea level change. As the caves on the island were formed according 
to the flank-margin model of speleogenesis, the elevation and location ofcaves is also a 
function of sea level (Mylroie and Carew, 1990). Thus, subaerially exposed caves in 
the Bahamas had to have formed when sea level was higher than present. As shown in 
the oxygen isotope curve for the late Quaternary, which serves as a proxy for sea level 
position, caverns presently exposed subaerially on San Salvador must have undergone 
speleogenesis during oxygen isotope stages Se, 9, or 11 (Figure 10). Because caves 
formed during stages 9 or 11 would have isostatically subsided below sea level by now, 
development of current subaerial caverns on San Salvador is necessarily limited to 
oxygen isotope stage Se., 12S,000 years ago (Carew and Mylroie, 199Sa). Caves on 
San Salvador are limited in size by the available catchment area for fresh water during a 
sea level highstand and the limited duration of substage Se (Mylroie et al., l 99Sb; 
Mylroie and Carew, 199Sa; 199Sb). 
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To answer the question of bell hole origin, the fundamental nature of their 
morphology and distribution must be examined. As previously explained, bell 
holes in a variety of geographical and geological settings were measured and 
catalogued to determine if any overriding patterns in shape or morphology exist. 
Collection of bell hole data followed methods adapted from Lauritzen et al. 
(1997). Data reduction included several statistical analyses which quantified bell 
hole shape allowing comparisons to be made within and between bell hole 
populations. 
Data Collection 
The technique utilized to measure morphological characteristics of individual 
bell holes was modified from Lauritzen et. al. (1997). Bell holes can generally be 
thought of as conical or cylidrical dissolutional features . Whereas an ideal shape 
such as a cone or cylinder can be described by a relatively simple set of dimensions 
(i.e., diameter and height; Figure 11), irregularities in bell hole shape and symmetry 
require more detailed measurements to characterize accurately their morphology. 
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Figure 11. Ideal Cylinder and Cones displaying the critical dimensions (height [h] 
and diameter [ d]) required for defining the shape and size of the object. 
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Bell holes tend to have elliptical, rather than circular openings, resulting in three 
perpendicular axes: vertical, long, and short (Figure 2). 
The most effective and efficient technique for characterizing bell hole shape is 
to measure the change in height per unit change in width along both the long 
(designated x) and short (designated y) axes. The resulting profiles are analogous 
to inverted stream profiles. The profiles are created using a meter stick placed 
horizontally across the bottom of the bell hole (along the x- or y-axes in Figure 2) 
as a reference along which another meter stick can be used to record a series of 
vertical heights at 2 to 5 cm intervals across the width of the bell hole opening 
(Figure 12). The maximum height of the bell hole would be at the bell hole apex 
Figure 12, and the minimum heights (0 cm) are at the edges of the profile. In most 
cases, 15 to 30 bell holes were profiled in each cave studied resulting in 30-60 
profiles for each cave. Several bell hole dimensions can be ascertained using the 
measured profiles. These include height from apex to opening, width of the x- and 
y-axes, and change in width with change in height. 
In addition to the bell hole profiles, observations such as the character (i.e., 
lithology and structure) of the host rock, bell hole wall coatings and texture, and 
irregularities in morphology were noted along with a sketch of the bell hole. An 
attempt was made in each cave to confine data collection to as limited an area as 
possible. This enabled the locations of the measured bell holes to be easily 
surveyed to determine their relative locations within the caves studied ( except 
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Figure 12. Visual description of bell hole profiling method. Bell hole 
height is measured at even intervals ofwidth. 
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Saltpetre Cave). The survey technique involved standard cave surveying 
techniques using a Suunto compass, clinometer, and a fiberglass tape measure to 
determine distance, bearing, and inclination between survey points (see Dasher, 
1994). Generally, a splay type survey was utilized in which survey shots to 
individual bell holes were made from a central base station. Survey data were 
reduced and plotted using Compass® (developed by Larry Fish) cave mapping 
software. In Cueva de los Parajos the survey included all the bell holes in the 
portion of the cave studied, instead ofjust the profiled bell holes, in order to allow 
analysis of distributions and spatial occurrence patterns. 
Impact of Data Collection Method 
Data collection in the cave environment requires respect and adherence to 
accepted standards of cave protection and preservation. The nature of the cave 
environment is such that any impact, no matter how minimal, will have lasting 
effects on the natural condition and aesthetics of the cave. These effects can range 
from degrading the experience of future cave explorers to upsetting and destroying 
mineralogical formations and/or subterranean ecosystems. Such damage is 
compounded when the scientific record represented by speleothems, cave dwelling 
organisms, and other subterranean repositories is also lost. 
During this research care was taken to balance cave conservation ethics and 
scientific endeavor in order to impact minimally the caves being studied. In 
developing the method of data collection, the natural and obvious conservational 
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focus was the mineral formations and features of the cave ceiling and the bell 
holes. However, the potential for impact on the cave floor and its sediments was 
overlooked. As such, inadvertent, but nonetheless significant, damage to the 
natural state of the sandy sediments covering the floor of Arlie Way in Roppel 
Cave, Kentucky was caused during bell hole measurement. The necessity of two 
or three people standing directly below a bell hole to perform the profiling resulted 
in significant trampling of the cave sediment in a small portion ofthe passage (~20 
m 2). Only upon completing the measurement and surveying of the thirty bell holes, 
did the magnitude of the impact become obvious. A subsequent restoration effort 
was able to return the impacted floor area to its natural appearance by raking the 
sediments. Thus, future studies ofbell holes, or other dissolutional ceiling 
features, should learn from the experience of this research, and consider the 
impacts of data collection on the floor and other features of potential study 
localites. 
Morphological Analyses 
Comparison and identification of the morphological characteristics common 
within and between bell hole populations required a unique analytical approach to 
data reduction. Microsoft Excel® and Jandel SigmaPlot® were used to display 
and analyze statistically the raw profile data. To illustrate the discussion of the 
analyses and techniques below, a hypothetical bell hole will be used as an example. 
The first step in data analysis was to graphically display the profile data (Figure 
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Figure 13. Example of the initial graphical representation and analyses of bell hole 
profile data. 
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Figure 14. Slope-to-Width Ratio analyses for a 1: I cone, 2: I cone, 
cylinder/hemisphere, and cone with "edge effect". In each row the central diagram is a 
shape profile for the object. The diagrams to the left and right of the central diagram 
represent the change in slope-to-width ratio between the edge and apex of the 
corresponding half of the ideal shape. See text for further discussion. 
• 
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13). The initial representation of the data included analysis ofthe change in slope-
to-width ratio in the bell hole profile. The slope-to-width ratio serves as a 
quantitative indicator of the boundary between ceiling and bell hole. Quite often, 
the ceiling-bell hole boundary has been observed to be transitional resulting in an 
"edge effect" at the base of the bell hole. Figure 14 illustrates the slope-to-width 
change curves for three characteristic bell hole shapes. In cases where the 
boundary is obscured by edge effect, the change in slope-to-width ratio graphs can 
help delineate the bell hole-ceiling boundary by identifying patterns in the graphs 
associated with the shape profile. For each example ideal shape profile in Figure 
14, the slope-to-width ratio plot essentially shows the "signature" expected in 
similarly shaped bell holes. The 'cone with "edge effect"' example in Figure 14 
demonstrates an edge effect at the base of the conical bell hole. A slope-to-width 
ratio signature similar to that of the 1: 1 cone can be seen in the slope-to-width 
ratio plots for the 'cone with "edge-effect". The boundary of the bell hole can be 
identified based upon this signature, effectively filtering out the edge effect. 
After the bell hole-ceiling boundary is determined several dimensions can be 
ascertained from the bell hole profile (Appendix: Tables 4-9). The change in width 
of the bell hole at various heights can be measured from the plot (Figure 15). 
These data can be converted to percent height versus percent width and plotted as 
a curve illustrating how width changes with height for each profile ( see lower 
portion ofFigure 15 and Figure 16). Plotting the data from a particular sample of 
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Height Width Height Width 
0.00 32.00 0.00 100.00 
10.00 29.50 16.67 92.19 
20.00 29.00 33.33 90.63 
30.00 28.00 50.00 87.50 
40.00 22.00 66.67 68.75 
50.00 18.00 83.33 56.25 
60 0 100.00 0.00 
Y-axis 
(cm) (%) 
Heiaht Width Height Width 
0.00 30.00 0.00 100.00 
10.00 29.50 16.67 98.33 
20.00 29.25 33.33 97.50 
30.00 29.00 50.00 96.67 
40.00 28.50 66.67 95.00 
50.00 26.75 83.33 89.17 
60.00 0.00 100.00 0.00 
I (cm) 
Apex to Base HeiQht: I 60.0 
Width of Base: I 32.0 
Cross Sectional Area: I 1475.0 
I (cm) 
Apex to Base Height: I 60.0 
Width of Base: I 30.0 
Cross Sectional Area: I 1579.5 
!Average Height: I 60 !Average Width: 31 
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Figure 15. Example showing methodology for determining bell hole dimensions from 
shape profiles. See text for discussion. 
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Change in Percent Width vs. 
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-- 3rd Order Polynomial Regression 
(r2 = 0.91) 
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Figure 16. Example percent width versus percent height analysis. Regression analysis 
and confidence intervals are plotted for the two curves. When a complete data set from 
a particular cave is plotted the regression analysis can be combined with the mean bell 
hole height and width of the data set to construct an aggregate shape plot that 
essentially represents the average bell hole shape for the cave. 
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bell holes on the same graph allows a regression analysis to be performed and 
plotted along with 95% confidence intervals. By substituting the average bell hole 
height and width for the sample into the regression equation, an aggregate shape 
plot can be constructed. This aggregate shape plot serves as a representation of 
the "mean" bell hole shape profile for the sample. The width of the base and the 
overall apex to base height can be calculated from the profile data (Figure 13). 
Using the Area Transform function of SigmaPlot, the cross sectional area of each 
profile could be calculated. Analysis ofMeans and Analysis ofVariance was used 
to distinguish similarities and differences in the bell hole dimension data (Tables 1-
3). By comparing the height, width? and cross sectional area of the two profiles 
from an individual bell hole? an estimate of the uniformity and symmetry of the bell 
hole shape about the vertical axis can be made. One such indicator of uniformity 
and symmetry is the relative proportions of the long and short axes (width of bell 
hole base) which indicates degree of ellipticity of the bell hole opening. For 
example, a 1: 1 ratio would require a circular opening and suggest that the bell hole 
is symmetric about the vertical axes, whereas a lower ratio would indicate a more 
elliptical opening and therefore less symmetry (Figure 17). 
Spatial Distribution Analysis 
In order to analyze the spatial distribution of the bell holes within Cueva de 
los Pajaros a frequency analysis was performed using the chi squared goodness-of-
fit test. The analysis required the portion ofPajaros studied to be subdivided, and 
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Circular opening 
A=B therefore ratio 
is equal 1: 1 
Eliptical Opening 
A>B therefore 
ratio is less than 1 
Eliptical Opening 
A>>B therefore 
ratio is much less 
than 1 
Figure 17. Effect of ellipticity on long to short axis ratio. The greater the ellipticity the 
lower the ratiQ. A ra#p close to 1. Q may indicate that the bell hole is approximately 
symmetric about the vertical axis. 
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in this case each room in the study area was considered a section. The area and 
number of bell holes in each section were then determined, with the area computed 
using a compensating planimeter. The number ofbell holes in each subdivision is 
expected to be proportional to the area of the section. For example, a given 
section, X, will have twice as many bell holes as another section, Y, which has half 
the area ofX. This expected distribution, which is assumed to represent a random 
dispersal in large samples, is compared mathematically with the actual distribution. 
The resulting chi squared (X2) statistic is the sum of the relative squared 
differences (Burt and Barber, 1996). The result of the test will indicate whether 
the distribution of the bell holes is random or non-random. Using the areas 
calculated for the frequency analysis and the total number of bell holes, a 




The results of the data collection and analyses will first be presented 
individually by study locality. In addition to the bell hole data, the mode of 
speleogenesis for each cave will be important in interpreting the results. As such, a 
general overview of the speleogenetic history of each cave is presented with the 
results of the bell hole analyses. Subsequently, the results of comparative analyses 
between localities will be described. Due to space considerations, the raw data and 
profiles collected in the field for each bell hole are not included in the thesis. 
However, these data are available from the author or the thesis advisor upon 
request. A summary of these data has been compiled in Appendix A (Tables 4-10) 
and includes the dimensions and characteristics for each bell hole profile 
considered in the study. The mean values of these data are also presented in 
Table 1. 
Helderberg Plateau, east-central New York 
Several caves in the Helderberg Plateau were examined but very few 
dissolutional ceiling features were observed. Several of the dissolutional features 
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found, mainly in Clarksville Cave, were for the most part much too shallow to be 
considered bell holes. Three bell hole-like features were located and measured in 
Caboose Cave and Gage Caverns. These three features were obviously dominated 
in shape and morphology by differential dissolution along bedding planes and 
joints. Considering their low number and their stark morphological difference with 
bell holes from other localities, none of these features were included in the study. 
San Salvador Island, Bahamas 
Bell Pits 
Caves on San Salvador Island typically display bell pits in addition to bell 
holes. Bell pits are broad, shallow basins formed directly below bell holes and are 
usually partially filled with guano. The width and depth ofbell pits associated with 
bell holes from Major's and Lighthouse Caves is presented in Appendix I. 
Generally, the bell pits are wider than the associated bell hole, and not as deep as 
the bell hole is tall. 
Bell pits were not observed in the other study localities. In the Kentucky 
caves the floors were all sediment covered, and thus, the presence of bell pits may, 
or may not, have been obscured. However, the Isla de Mona caves have 
predominantly bare bedrock floors much like the San Salvador caves. Thus, bell 
pit development apparently does not occur universally with bell hole development. 
Lighthouse Cave 
Lighthouse Cave is located within Dixon Hill on the northeast portion of San 
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Figure 18. Map of Lighthouse Cave. Bell holes were measured in the Aeolian Chamber in the central portion of the 




Salvador Island (Figure 8). Lighthouse Cave (Figure 18) is a large flank margin 
cave (>1000 m 3) and is formed in eolianites of the Pleistocene Owl's Hole 
Formation (Schwabe et al., 1993; Mylroie and Carew, 1994; Mylroie et al., 
1995b). The Owl's Hole Formation consists of eolianites composed mainly of 
peloidal and bioclastic grains with an absence of ooids (Mylroie and Carew, 
1995a). The elevation of the cave, in combination with stratigraphic and fossil 
data, suggest that the cave formed during the oxygen isotope substage 5e 
highstand 125,000 years ago requiring that the rock is also that age or older 
(Carew et al., 1982; Mylroie and Carew, 1994; Mylroie et al., 1995a). 
Thirty bell holes were measured in the Aeolian Chamber ofLighthouse Cave 
(Figure 18). Three of the bell holes were excluded from analysis because in each, 
one of the axial profiles was incomplete due to truncation of the wall rock 
determined to have occurred during or after bell hole development. The mean bell 
hole dimensions are given in Table 1. Table 2 summarizes the results of a 
comparison of the long and short axes of the bell holes using the Student's t-test 
(all tests were calculated using a= 0.05). The width of the long and short axes are 
significant different in size, indicating that the bell holes have elliptical openings. 
Figure 19a shows a plot of the percent change in width of the Lighthouse Cave bell 
holes with the percent change in height. By assuming that the equation of the 
regression in Figure 19b is an accurate representation of the mean values for the 
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Figure 19. A. Percent height versus percent width curves for the 
Lighthouse Cave shape profiles. B. Third-order polynomial regression 
and 95% confidence intervals for data in upper chart. 
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Average Bell Hole Height: 50.06 cm 
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Figure 20. Aggregate profile plot for Lighthouse Cave Bell Holes. 
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Lighthouse Cave by substituting the mean height and width values from Table 1 
into it. In essence, the resulting plot is the characteristic Lighthouse Cave bell hole 
(Figure 20). 
Major's Cave 
Major's Cave is located within a ridge on the western side of San Salvador 
Island north of the recently extended portion of the airport runway (Figure 8). 
Major's Cave (Figure 21) has only been recently discovered and a detailed 
geological description has not yet been published. However, as evidenced by the 
globular main chamber, lack of turbulent flow marks, absence of breakdown, 
collapse/pit entrances, and general morphology, the cave is clearly flank-margin in 
origin. The position of the cave above sea level requires that it formed during 
oxygen isotope substage 5e (~125,000 years ago) and that the bedrock is of the 
Owl's Hole or Grotto Beach Formations (Mylroie and Carew, 1995a; Mylroie et 
al., 1995a). Major's Cave is somewhat smaller than Lighthouse Cave and is 
primarily composed of one main chamber with only one adjacent room connected 
by a short passage. The main chamber is quite large and comprises the bulk of the 
cave. The main entrance, and several smaller ones, are located along the western 
periphery of the cave. Additionally, a skylight is located near the center ofBell-
Holio's Chamber. Significant saltw,a,ter pools of unknown depth occur along the 
southwest, east, and northeast margins ofthe main chamber. The water is likely 
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Figure 21. Map ofMajor's Cave. Bell holes were measured in near the skylight in Bell-Holio's Chamber 
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Figure 22. A. Percent height versus percent width curves for the 
Major's Cave shape profiles. B. Third-order polynomial regression 
and 95% confidence intervals for data in upper chart. 
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Mean Bell Hole Height: 60.20 cm 
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Figure 23. Aggregate profile plot for Major's Cave Bell Holes. 
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derived through some type of association with the inland lake adjacent to the dune 
ridge containing the cave. 
Sixteen bell holes were measured in the main chamber ofMajor's Cave 
(Figure 21). The mean dimensions of the bell holes are presented in Table I. 
Table 2 outlines the results of a comparison of the long and short axes of the bell 
holes using the Student's t-test (all tests were calculated using a= 0.05). Only the 
width of the long and short axes showed any significant difference in size, 
indicating that the bell holes have elliptical openings. Figure 22a illustrates the 
percent change in width of the Major's Cave bell holes with the percent change in 
height. The regression analysis in Figure 22b combined with the mean bell hole 
dimensions for the Major's Cave data set lead to the aggregate profile in 
Figure 23. 
Cueva de los Pajaros, Isla de Mona, Puerto Rico 
Cueva de los Pajaros (Cueva Caballo) is located on the southeast side oflsla 
de Mona (Figure 24). Pajaros developed in the Mio-Pliocene Lirio Limestone, a 
massive fine-grained limestone which is cavernous, chalky, and locally crossbedded 
(Briggs and Seiders, 1972). The cave is a typical example of the type of flank 
margin caves found on Isla de Mona (Frank, 1993; Gonzalez et al., 1997). Cave 
chambers with volumes in excess of 100,000 m 3 have been reported in caves on 
the island (Briggs and Seiders, 1972). Pajaros, by the author's estimation, has 
chambers approaching these voluµies . The cave is a maze of extremely large 
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Figure 24. A. Detailed map of the portion of Cueva de los Pajaros (Cueva Caballo), Isla de Mona, 
Puerto Rico, where bell hole data collection occurred. B. General map (modified from an unpublished 
map drafted by Ramon Carrasquillo in 1992) of Cueva de los Pajaros with study locality indicated by the 
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rooms separated by large pillars, and extends a maximum of~200 m into the 
plateau away from the cliff face. Cave development most likely occurred over an 
extended period of time subsequent to emergence of the carbonate platform, 
beginning between 0.97-1.67 million years ago (Mylroie et al., 1995b). 
Stratigraphic evidence in the study locality (breccia infills, dissolved and deformed 
speleothems, etc.), as well as from other caves on the island, support multiple 
periods of speleogenesis. The gaping entrances of the cave dot the cliff face, and 
as is the case in flank margin caves, were formed subsequent to cave development 
by truncation of the peripheral chambers by cliff retreat. A skylight entrance, 
formed by ceiling collapse, is located toward the rear of the cave near the study 
area. 
Data collection in Pajaros was concentrated in the extreme northwestern 
portion of the cave (Figure 24a). Thirty bell holes were measured in this area and 
the position of all the other bell holes in this section of the cave were surveyed or 
marked on the detailed map of the area that was generated during data collection. 
A total of 133 bell holes were recorded in a total area of approximately 2757 m 2 (1 
per 20.73 m2). A frequency analysis of these data indicate that the bell holes are 
not randomly distributed within the study area (X2 = 28.033 with 95% confidence). 
The mean dimensions of these bell holes are reported in Table 1. Table 2 lists the 
results of a comparison of the mean dimensions of the long and short axes ofthe 
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Figure 25 . A. Percent height versus percent width curves for the 
Cueva de los Parajos shape profiles. B. Linear regression and 95% 
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Figure 26. Aggregate profile plot for Cueva de los Parajos bell holes. 
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Only the width of the long and short axes showed any significant difference in size, 
indicating that the bell holes have elliptical openings. The percent change in width 
of the Pajaros bell holes with the percent change in height is shown in Figure 25a. 
Using the equation for the regression in Figure 25b and the mean bell hole 
dimensions for this cave allows generation of the aggregate profile in Figure 26. 
Initial observations during data collection and analysis suggested that the top 
portion of the Pajaros bell holes were cylindrical in nature while the lower parts 
were more conical or hemisperical. To investigate this observation, the cylindrical 
portions of these bell holes were isolated during analysis and considered as an 
additional data subset to explore the possibility of a bimodal formation. The 
resulting subset of the Pajaros data included 11 cylinder profiles (Table 1). Table 2 
gives the results of a comparison of the mean dimensions associated with the long 
and short axes of the bell holes using the Student's t-test (all tests were calculated 
using a= 0.05). None of the bell hole dimensions showed any significant 
difference between the long and short axes. However, the t-score for the 
comparison of the long and short axis widths was close to the level required for 
rejection of the null hypothesis, and based on the small size of the data set (11 
profiles for each axis) there may be a difference in the population as a whole. 
Figure 27a plots the percent change in width of the Major's Cave bell holes with 
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Figure 27. A Percent height versus percent width curves for the 
Cueve de los Parajos Cylinder Portion shape profiles. B. Third-
order polynomial regression and 95% confidence intervals for 
data in upper chart. 
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Mean Cylinder Height: 17.11 cm 













Figure 28 . Aggregate profile plot for cylinder portion of Cueva de 
los Parajos Bell Holes. 
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Figure 29. Map of the primary groundwater flow, conduits, insurgences, and springs in 
the Mammoth Cave region (From Quinlan and Ewers, 1986). 
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with the mean bell hole dimensions for the cylinder portions of the Pajaros data set 
to create the aggregate profile in Figure 28. 
Arlie Way, Roppel Cave, Kentucky 
Arlie Way is a passage located in Roppel Cave (85 km in length), which is the 
eastern most portion of the Mammoth Cave-Flint Ridge System. Most of the 
water from Roppel Cave recharges Pike Spring to the northeast; however, the 
Hawkins/Logsdon River is pirating water from the southern part ofRoppel west 
and then north toward Turnhole Spring (Figure 29; Quinlan and Ewers, 1989; 
Brucker, 1989). Arlie Way is one of the tributaries on the margin of the two 
drainage basins diverting water to the Logsdon River (Brucker, 1989). The 
phreatic nature of Arlie Way is evidenced by its classic passage morphology and 
the presence ofvery large scallops on the sides ofthe passage. Presently Arlie 
Way is a dry passage that partially floods in its downstream end only during large 
flood events. The passage averages 2-3 min height and 5-6 min width and its 
floor is covered in most areas by >15 cm of fine grained sand and silts which are 
most likely of slackwater flood origin. Bell holes were measured in an 
approximately 100 m2 portion of Arlie Way located about 400 m downstream from 
the beginning of the passage. 
Thirty bell holes were measured. However, six of the bell holes were culled 
from the data set because of incomplete profiles along one of the axes due to 





















2 r =0.97 
n =54 shape profiles 
3rd Order Polynomial Regression 
95% Confidence Interval 
"#.70 
I 












0 1 0 20 30 40 50 60 70 80 90 100 
% Width of Bell Hole 
Figure 30. A. Percent height versus percent width curves for 54 Arlie 
Way shape profiles. B. Third-order polynomial regression and 95% 
confidence intervals for data in upper chart. 
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Figure 31 . Aggregate shape plot for Arley Avenue, Roppel Cave, Kentucky. 
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Figure 33. Sketch map of the Carter Caves State Park region showing the relative 
locations of local surface streams and major caves (from McGrain, 1966). 
Penn. Lee Fm. 
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Figure 34. Sketch showing the vertical relationship of caves and Cave Branch in the 
Cave Branch Valley, Carter Caves State Park. 
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in Table 1. The results of a statistical comparison of the long and short axes 
dimensions are given in Table 2 (a= 0.05). Only the width of the long and short 
axes showed any significant difference in size, indicating that the bell holes have 
elliptical openings. Figure 30 displays a graph of the percent change in width of 
the Arlie Way bell holes with the percent change in height as well as the regression 
analysis of these data. Based on these data and those in Table 1 an aggregate 
profile plot was constructed (Figure 31). 
Saltpetre Cave, Carter County, Kentucky 
Saltpetre - Moon Cave (Figure 32) is a tourist cave in Carter Caves State 
Park, Kentucky (Figure 5). The Moon Cave portion of the system is mostly 
formed in the sandstone caprock due to collapse and piping and connects to 
Saltpetre Cave through a small opening in the S&M Breakdown area (Figure 32). 
As the name suggests, Saltpetre Cave was mined for Saltpeter during the War of 
1812 (McGrain, 1966; George, 1987). Mining activity, and much later the 
inception of tours through the cave, led to many obvious changes to the natural 
condition of the cave including enlargement of the primary natural entrance and 
heightening of several passages (by excavating sediment). Saltpetre Cave is 
presently dry and hydrologically abandoned. However, the similarity with other 
actively forming caves lower in the Cave Branch valley provides insight into the 
development of Saltpetre Cave (Figure 33). Stratigraphically, the cave is situated 
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Figure 3 5. A. Percent height versus percent width curves for 14 
Saltpetre Cave shape profiles. B. Linear regression and 95% 
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Figure 36. Aggregate profile plot for Saltpetre Cave Bell Holes. 
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karst development during incision of the Tygart's Creek drainage system (Figure 
34). Saltpetre Cave most likely formed in the phreatic zone beneath the proto-
Cave Branch as the surface stream breached the protective sandstone cap. and 
pirated water toward Tygart's Creek. Eventually, as Cave Branch downcut 
further, Saltpetre Cave probably evolved into a flood overflow route and/or 
diverted water percolating through the sandstone cap in the Moon Cave area 
(Figure 32) to Cave Branch prior to being abandoned altogether. 
Although Saltpetre Cave contains many bell holes, most are in high ceilings 
inaccesible for measurement. As such, only seven bell holes could be measured in 
the cave. Therefore any conclusions drawn from the statistical analysis has to 
include consideration for the sample size. Table 1 summarizes the dimensions of 
the Saltpetre bell holes and Table 2 outlines a comparison of the dimensions for the 
long and short axes performed using the Student's t-test (a = 0.05). The results 
indicate no significant difference between the two axes. Figure 3 5 shows a plot of 
the percent change in width of the Saltpetre Cave bell holes with the percent 
change in height, along with the regression analysis. These data are combined with 
the mean bell hole dimensions to ~onstruct the aggregate profile plot in Figure 36. 
Comparison of Study Localities 
Samples from individual caves were compared to one another using Analysis 
of Variation (ANOVA) and the $Wdent's t-test. All tests were carried out at the 
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Figure 3 7. Comparison of regressions for the shape profile data from the 
various study localities. See individual plots for more detail about each 
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Figure 39. A. Percent height versus percent width curves for 208 shape 
profiles from all bell holes studied. B. Linear regression and 95% 
confidence intervals for data in upper chart. 
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Figure 40. Aggregate profile plot for all bell holes investigated. 
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(Table 1) of the five main study localities were first compared using ANOVA 
(Table 3). The only dimension displaying no significant difference between the 
various caves was mean bell hole width. In fact, none of the tests performed 
between any combination of localities indicated any significant difference in mean 
bell hole widths. Other comparisons between various caves yielded similar results 
and these are outlined in Table 3. One exception is the caves on San Salvador 
Island: Lighthouse and Major's Caves. These two caves show no statistical 
difference between any of the bell hole dimensions considered. 
The regressions in Figures 19b, 22b, 25b, 27b, 30b, and 35b are plotted 
together in Figure 3 7. The results fall into to groups: 1) Major's Cave, 
Lighthouse Cave, and the Cueva de los Pajaros cylinder portions and 2) Arley 
Avenue, Cueve de los Pajaros, and Saltpetre Cave. The first group is indicative of 
the results expected from cylindrical bell holes, while the second group . displays a 
more conical character. The geometric expressions are more clearly displayed in 
Figure 38. Figure 39 shows the results of a percent height versus percent width 
analysis for all of the profiles from each of the localities. Figure 40 is the 
aggregate profile plot for these data and therefore represents five caves from three 




The mechanism( s) involved in the formation of bell holes must account for a 
range of observations regarding bell hole morphology, dimensions, and shape. 
Morphological patterns shall be assessed using the aggregate profile plots (Figure 
38). Bell hole shape will be categorized by comparing the percent width versus 
percent height regression analyses for each data set with ideal shape curves (Figure 
41). Together these data will serve as constraints with which the processes 
proposed for bell hole development can be scrutinized. 
Bell Hole Morphology 
The aggregate plot profiles derived for the data sets from each locality are 
compiled in Figure 38. The tops of the cylindrical profiles have pointed tips. This 
part of the profile does not accurately portray the tops of the bell holes studied. 
Rather they are an artifact of the data analysis caused by the cylidrical morphology 
of the bell holes. In compiling these data the width of each bell hole was measured 
at regular intervals ofheight. Because the cylindrical bell holes (by definition) 
maintain most of their width until very near to the top of the bell hole, and then 
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Figure 41. Comparison of regressions for the shape profile data 
from the various study localities. Dotted lines represent the 
curves for ideal shapes. See individual profile plots for the 95% 
confidence interval and correlation coefficients. 
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quickly taper toward the apex, only one width measurement was normally 
obtainable in the upper 10% of the bell hole. As a result, the resolution with which 
this rapid change in width ( relative to the very slow change in width for the lower 
90% of the bell hole) was recorded in the statistical analysis caused the expression 
of the upper part of the cylindrical bell holes to appear as a pointed tip, instead of a 
relatively hemispherical cap. This artifact of analysis was consistent in all the 
predominately cylindrical samples, and otherwise the aggregate profiles are 
considered to be accurate representations of the bell hole data. Thus, the 
aggregate profiles serve as standards with which the individual cave data sets can 
be compared. 
Along these lines, Figure 3 8 clearly demonstrates two important patterns in 
bell hole morphology. The uniformity in bell hole width among the study localities 
is remarkable and is supported by statistical comparison (Table 3). The bell holes 
also fall into two broad shape categories. Figure 41 compares the regressions in 
Figure 3 7 with the profile plots of several ideal shapes. The Lighthouse Cave and 
Major's Cave regressions most closely match the plot of the ideal cylinder with a 
hemispherical cap. The cylinder portions of the Cueva de los Pajaros bell holes 
appear to be best categorized as cylinder-type bell holes also. The Saltpetre Cave 
and Cueva de los Pajaros regressions follow almost exactly the same trend as the 
curve for ideal cones. The Arlie Way data deviate somewhat from the shape of an 
ideal cone because the bell holes from that locality tend to show a slightly steeper 
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slope near the base (see Figure 38). The Arlie Way bell holes appear to represent 
a shape intermediate between cone and hemisphere/ cylinder, but primarily appear 
to be conical, and will be considered as such. Thus, the bell holes from the five 
study localities can be grouped into two shape categories: cylindrical (Lighthouse 
Cave, Major's Cave, Cueva de los Pajaros cylinder portions) and conical (Saltpetre 
Cave, Arlie Way, Cueva de los Pajaros). 
Bell Hole Dimensions 
As mentioned above, the common dimension shared by bell holes in all of the 
study localities is width (Table 3 and Figure 38). However, although bell hole 
width between caves is uniform, the mean widths of the long and short axes of 
individual bell holes are significantly different in all locations except Saltpetre Cave 
(Table 2). Thus, bell holes tend to have elliptical openings. These results bridge 
wide gaps between geologic settings and speleogenetic regimes. Furthermore, the 
process( es) governing bell hole development must be subject to a critical maximum 
width and account for elliptical horizontal cross sections. 
Although there is a statistical difference (using ANOVA) in mean bell hole 
height when all five localities are compared together, as a pair (using Student's t-
test) there is no statistical difference between Lighthouse and Major's Caves in any 
dimension (Table 3). In light of their identical geographic location, geologic 
setting, and speleogenetic regime, the similarity between all aspects of the 
Lighthouse and Major's Caves data sets, including aggregate profile, shape 
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analysis, and statistical comparison, may serve to validate the accuracy of the 
method of morphological comparison utilized in this study. There is no statistical 
similarity in bell hole height between the remaining three caves, either when paired 
with one another, or with Lighthouse and Major's Caves (Table 1 and 3). 
Naturally, with bell hole width essentially being held constant, height is the 
major factor underlying the statistical differences between the five data sets in 
height to width ratio and cross sectional area. Concerning the process( es) 
responsible for bell hole development, bell hole height appears to be independent 
ofwidth and can vary over a range in excess of 7 5 cm. A close examination of 
Figure 3 8 suggests that there is some association between bell hole height and 
shape. Bell holes with a height to width ratio less than one appear to be 
dominantly conical (Cueva de los Pajaros, Arlie Way, Saltpetre Cave); whereas, 
cylindrical bell holes tend to have height to width ratios much greater than one 
(Lighthouse Cave, Major's Cave). This could have any one of several 
implications. The 1: 1 height to width ratio could be a critical height in the 
developmental process which triggers a fundamental change in the dissolutional 
activity that results in a change in the shape of the resultant bell holes. In this case~ 
bell hole shape would be somewhat indicative of the developmental time frame. 
Bell holes may form by multiple processes, the dynamics ofwhich are slightly 
different thereby resulting in different shapes. In another scenario, the bedrock 
character on San Salvador could cause the expression of the formational process 
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to be cylindrical rather than conical. Finally, the association between height and 
shape may be not be universal in all bell hole populations. 
Bell Hole Distribution 
Bell hole distribution in the portion of Cueva de los Pajaros studied is non-
random. Examination ofFigure 24a indicates that bell holes tend to cluster in 
small groups, but that there is no association between clustering and particular 
parts of passages. For example, bell holes do not appear to cluster preferrentially 
along walls, in the center of rooms, or in domes. Per unit area, The Sauna, The 
Balconies, and the room adjacent to The Balconies all had disproportionally large 
numbers ofbell holes. Conversely, The Big Room, had many fewer bell holes than 
expected. Similar data for other caves was not obtained. As such, it is difficult to 
glean meaningful patterns or interpretations from the data. 
Thought Models for Developing Typical Bell Hole Morphologies 
Perhaps the most obvious method of characterizing bell hole morphology is by 
comparing observed bell hole shapes with ideal solids such as cylinders, 
hemispheres, and cones. Although bell holes never truly conform to the stringent 
uniformity of these ideal solids, they do often approximate them, especially in a 
compound form ( e.g., a cylinder with a hemispherical top). Thus, it will be useful 
to discuss some basic requirements of forming cylindrical, conical, and 
hemispherical dissolutional voids in cave ceilings. These requirements will need to 
be accounted for by any process attributed to the development of the bell holes 
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observed in this research. The primary assumption that will be made is that bell 
hole development is initiated at a particular point on a more or less level cave 
ceiling. The location and placement of the point is assumed to be determined by 
the process developing the bell hole, and as such will be ignored, at least for now, 
in the "thought model". 
Perhaps the most simple ideal solid to consider from a dissolutional standpoint 
is the hemisphere. Dissolution would be required to begin at some point on the 
ceiling and proceed upward and outward in all directions uniformly. Surface area 
and void volume would increase exponentially with increasing radius. By 
increasing the surface area, potential dissolution is increased, at least theoretically, 
and a positive feedback cycle is begun. 
Cylinders necessitate a couple of assumptions about height and radius. The 
mean bell hole has a height to width ratio greater than one (Table 1) and typically a 
maximum width of around 34 cm (see Figure 38 and Table 1). A cylinder of this 
type can grow from a range of initial conditions with two end members: 1) the 
initial radius is equal to the maximum radius or 2) development begins from a 
particular point and proceeds from there. In Case 1, all dissolution is concentrated 
vertically and the cylinder doesn't grow laterally; as such surface area and volume 
of the void increase at a steady rate. In Case 2, the initial radius is less then the 
final radius and vertical and lateral growth occur in some proportion until a critical 
width of 3 0-40 cm, at which point lateral growth halts. If lateral growth 
79 
accompanies vertical growth, surface area and volume of the void increase at an 
exponential rate until the critical width is attained, at which point growth continues 
following the Case 1 scenario. 
Cones can be ofvarious height to diameter proportions. For instance, a 2: 1 
cone implies a height equal to twice the diameter. The mean bell hole height to 
width ratio (Table 1) is 1. 13: 1 and the mean heights and widths are 3 6 .1 cm and 
33. 7 cm, respectively. Thus, 1: 1 cones serve as a good starting point for 
discussion. The growth of cones can be explained using the Case 1 and Case 2 
growth scenarios of cylinders (see above). The primary difference in void growth 
is that in a cone the rate ofvertical dissolution decreases at a steady rate away 
from the apex. In contrast, the rate ofvertical growth in a cylinder is uniform at all 
points. Furthermore, in a 1: 1 cone, the net rate of dissolution between the apex 
and the base must be twice the net rate of growth of the radius. Similarly, in a 2: 1 
cone the net vertical growth must be twice the net change in diameter. Case 1 type 
growth would result in an exponential increase in surface area and a linear increase 
in void volume. Both surface area and volume would increase exponentially in the 
Case 2 scenario. 
Some bell holes, particularly cylinders, tend to be better described by 
compound shapes. Many cylindrical bell holes are rounded near the apex and 
resemble cylinders capped by hemispheres. Such a morphology could result from 
dissolution potential being at a maximum near the apex of the bell hole and 
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decreasing away from that point. The hemisphere/ cylinder boundary would then 
represent the point of zero dissolutional potential. In this situation bell hole 
development would begin as a hemisphere. Once the hemisphere reached the 
critical radius at which dissolution potential at the hemisphere/ceiling boundary 
was zero, the radius would cease to increase with further dissolutional activity. As 
growth continued at the top of the hemisphere the sides of the void would become 
vertically straight. From this point the hemisphere would more or less "drill" into 
the ceiling in the same way a drill bit would penetrate a board. In either analogy, 
material is only being removed from the end (i.e., bell hole top) of the void. 
Evaluation of Proposed Theories of Bell Hole Development 
Processes proposed to explain bell hole formation are discussed in the 
Introduction Chapter. Most of these processes are difficult to observe in action 
because of the time frame involved or the conditions during development (i.e., 
submergence in the phreatic zone). Therefore, the processes are most easily 
evaluated through inductive reasoning. As such, any process( es) responsible for 
bell hole development must account for the following observations: 
•the occurrence of bell holes in ceilings with vertical 
development perpendicular to the geoid. 
•the variation in bell hole shape ranging from conical to 
cylindrical 
•the observed variation in bell hole height ( and perhaps the 
association between height and shape) 
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•the uniformity ofbell hole width between diverse settings 
•the limited time frame for development in Major's and 
Lighthouse Caves 
•the presence ofbell pits in association with many of the bell 
holes in Major's and Lighthouse Caves 
•the ellipticity of the bell hole openings 
Any process not in concurrence with these empirical facts will be regarded less 
favorably with respect to bell hole development. 
The arguments concerning the origin ofbell holes can be divided broadly into 
phreatic and vadose development. Vadose theories attribute bell hole formation to 
condensation corrosion or the solvent action ofbat urine. Neither theory can 
account for the uniformity of shape in bell holes, the ellipticity of the bell hole 
openings, or the presence of bell pits. Bell hole formation due to bat activity could 
be mechanical or chemical (Frank, 1998, pers. comm.). Mechanical erosion by 
bats could be achieved if bats were to break off tiny fragments of rock as their 
claws grasp onto the ceiling during landing. Bat urine, if acidic, could theoretically 
attack the bedrock of the cave ceiling causing dissolution. Assuming this is 
possible, bat colonies preferentially roosting in specific locations, could over time 
dissolve a cylindrical bell hole. Bell hole width could be controlled by the roosting 
behaviors of bats if they prefer to roost in certain size groups. However, at least in 
the author's experience, social bats seem to display a wide range of colony sizes. 
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It is difficult to imagine this process resulting in conical bell holes. Additionally, 
bell holes have been observed frequently in caves that commonly have flowing 
water and regularly flood. Bats rarely roost in such caves. Along these lines, Arlie 
Way is a phreatically developed passage with ample evidence of frequent flooding 
in the past as water in the Logsdon River is backed up (portions still flood during 
periods ofunusually high water). Prior to the blasting of the Weller Entrance in 
the early 1990s it would have been a very difficult and long journey (including low 
watery passages) for a bat to reach the passage. Additionally, it has been pointed 
out (Palmer, 1998, pers. comm.) that many of the caves in the United States that 
contain large populations ofbats (e.g., Carlsbad Caverns, etc.) are not associated 
with a great number of bell holes. All things considered, it seems unlikely that bat 
activity is a major process in bell hole development. 
As a process, condensation corrosion is most likely to act in a more or less 
uniform manner over the bedrock perimeter of a cave. There is little reason to 
expect that the process will focus its dissolutional activity in isolated portions of 
the cave ceiling, as would be the case with bell hole development (Frank et al., 
1998). If condensation corrosion did form bell holes there is no reason to expect 
that the resulting voids would show the observed uniformity in width, opening 
shape, and general morphology. 
By making a few assumptions and utilizing some first principles, an estimate 
of the time frame required for condensation corrosion to dissolve a void the size of 
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a bell hole can be calculated. For our model we will assume a cylindrical bell hole 
with a hemispherical cap with an overall height of60.2 cm and a width of31.0 cm 
(essentially the average Major's Cave bell hole). The volume of this bell hole is 
252,221.8 cm3 and the surface area is 7,247.0 cm . At sea level moist air will have a 
density of 1.3 g/L and contain 20.0 g ofwater per kg of air at 25°C. Thus, the 
volume of our bell hole will accommodate 0.066 kg of air with a total moisture 
content of 1.3 ml. Assuming a bedrock density of2.0 g/cm3 (i.e., true rock density 
for the Bahamian limestones; the Kentucky limestones would have a density of 
~2.7 g/cm3) and a solubility of 80 mg CaCO3 equivalent per liter ofwater (White, 
1988, p. 131) the 1.32 ml ofwater contained in the air, if thoroughly condensed on 
the bell hole walls, could dissolve a maximum of 5.28 x 10-5 cm3 CaCO3. To 
account for the volume of bedrock dissolved to form the bell hole 989,048,863 
condensation/dissolution cycles would be required, assuming the characteristics of 
the end-member void. If this cycling occurred at a frequency of once per day 
dissolution of the bell hole to the observed size would require 2,709,722.9 years; 
at once per hour, 112,905.1 years would be required. 
These calculations assume the most ideal of conditions and the complete 
fulfillment of condensation and dissolution potential. This simple model utilizes 
the volume and characteristics of the end-member bell hole, rather than those of 
the intermediate, and smaller, stages ofbell hole development. Realistically, a 
much lower percentage of the moisture contained in the air would be condensed, 
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the condensed water would not always saturate with CaCO3, and the frequency of 
the condensation/dissolution cycle would certainly be less frequent than every 
hour. As sue~ the determined values would represent, under the best conditions, 
bare minimum times in which the bell hole could develop. Furthermore, 
Dublyansky and Dublyansky (1998) suggest that condensation corrosion can not 
occur at latitudes less than 25° because of the prevalence of evaporation. This 
would exclude the process from the San Salvador and Isla de Mona bell holes, 
which are the largest and best developed. The San Salvador Island caves are 
thought to have begun forming no sooner than approximately 125,000 years ago 
(Mylroie and Carew, 1995a). Thus, according to these calculations, the larger 
than average bell holes in Major's Cave and Lighthouse Cave would have had to 
begin developing while the cave was most likely still submerged. The slightly more 
realistic value of 2. 7 million years would similarly push the envelop of 
developmental opportunity in the other caves as well. 
Although hydrothermal waters have been demonstrated to drive condensation 
corrosion and other dissolutional processes at rapid rates (Engel, 1997), none of 
the caves studied show evidence of, or have been reported as, being subjected to 
hydrothermal processes. However, the presence ofhighly aggressive hydrothermal 
waters could enhance or accelerate any potential phreatic processes responsible for 
bell hole development. The "negative pebble theory" proposed by Mylorie ( 1997, 
pers. comm.) could be argued to account for bell holes being exclusively ceiling 
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features, having varied heights, displaying elliptical openings, and the observation 
that bell holes are almost always found in passages of phreatic origin. However, 
the negative pebble process does not seem likely to account for conical bell holes, 
uniformity in width, or the presence of bell pits which are commonly observed 
directly below bell holes in Major's and Lighthouse Caves. 
Another idea for phreatic bell hole formation is vadose percolation. In this 
scenario, vadose water percolates down through the overlying bedrock into the 
phreatic zone and causes dissolution at the point where it enters the cave and 
mixes with the water near the ceiling. The renewed aggressiveness of mixed 
waters, even when both are initially near saturation, is well documented (White, 
1988; Mylroie and Carew, 1990). If the vadose percolation was concentrated 
along a preferred path then the dissolutional front would migrate vertically forming 
a bell hole. This process could conceivably account for the non-random bell hole 
distribution observed in Cueva de los Pajaros. After mixing and dissolution, the 
solute-rich water would sink toward the bottom of the cave due to its increased 
density. Any remaining dissolutional potential could be expended on the floor. 
This could explain both the formation and morphology of bell pits. Bell pits 
typically display widths on the order of 50 cm and depths of approximately 30 cm 
and have about half the volume of the bell holes they are associated with. Lateral 
drift of the sinking water could explain the increased bell hole width and the 
shallow depth and decreased volume would be indicative of the decreased 
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dissolutional potential. Presumably, the characteristics of the percolation pathway 
would influence bell hole width and shape. In some instances, the shape of 
particular bell holes has clearly been affected by a related joint. This is most 
common in the Kentucky localities. Porosity, joints, or bedding planes, if guiding 
the pathway, could also serve as a control that ultimately determines the upper 
limit ofbell hole width. It should be reiterated, however, that obvious flow paths, 
such as joints and bedding planes, rarely appear in relationship with bell holes. 
Nonetheless, the high porosity of the Bahamian limestones could be conducive to 
vadose percolation. The process does not necessarily explain the vertical 
orientation ofbell holes, however. Rather, the dissolutional front would follow the 
percolation path which may often not be perfectly vertical (e.g., flow along a 
bedding plane or cross bed). 
Although turbulent flow regimes can be invoked in Arlie Way and Saltpetre 
Cave, the flank margin caves show no evidence (i.e., scallops, etc.) of "gross" 
turbulent flow. Thus, at least in the flank margin caves, bell hole development has 
to proceed in a laminar flow regime or a slow moving turbulent regime. Density-
driven convection cells could operate in such an environment. The verticality 
displayed by bell holes suggests some type of gravitational influence on the 
formational process. Density currents and trapped air bubbles along the ceiling 
would be subject to gravitational control. Density currents would likely be driven 
by dissolution near the cave ceiling followed by sinking of the solute-rich water. 
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This would require a return flow and thereby create a convection cell and facilitate 
continued dissolution. A convection cell operating across the halocline could 
potentially cause mixing and the creation of aggressive water within the cell. Once 
initiated, the convection cell could continue as a positive feed back cycle and 
become "trapped" by an irregularity in the ceiling. Thus, dissolution would be 
focused on that specific ceiling area. The convection cell could accommodate 
formation ofboth bell holes and bell pits. The bell pits could form due to 
remaining dissolution potential in the sinking water or renewed aggressiveness due 
to re-mixing. 
In this scenario, the width of the bell hole may be a function of the distance 
water can travel along the perimeter of the void before reaching saturation. For 
instance, bell hole radius would represent the net horizontal distance from the apex 
water could travel along the bell hole wall before reaching saturation. Once the 
apex was high enough, dissolutional potential would be exhausted before the water 
reached the edge of the bell hole. Therefore the bell hole would stop increasing in 
width. Bell hole shape would most likely vary according to convection cell 
dynamics and the water chemistry. 
CHAPTER V 
SUMMARY AND CONCLUSIONS 
This study represents the first attempt to quantitatively examine bell holes 
from a variety of caves and localities. As such, these results somewhat modify and 
clarify the currently accepted definition ofbell hole morphology (see Wilford, 
1966). Bell hole morphology and size were analyzed using data from five caves 
representing four diverse geologic and speleogenetic regimes. Several key 
characteristics ofbell holes were identified. Bell holes from all study localities 
display a remarkable uniformity in width, although they tend to have elliptical 
openings. When all the data are considered together the average bell hole is 36 cm 
tall, 34 cm wide, and has an average cross sectional area of776 cm 2 (Table I). 
Furthermore, bell holes develop vertically and are for the most part unaffected by 
dip, bedding, joints, and bedrock lithology. Additionally, bell hole development on 
San Salvador Island typically appears to be associated with bell pit formation. 
Bell holes can be broadly classified in two groups: conical and cylindrical 
(Figure 38). Conical bell holes tend to display height to width ratios less than one; 
whereas, cylindrical bell holes have ratios greater than one. The bell holes 
observed in Lighthouse Cave and Major's Cave, both ofwhich are located on San 
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Salvador Island, show no statistical difference in shape or size. Each of the other 
caves, when compared with the San Salvador caves, or with each other, are 
statistically different in all dimensions except width (Table 3). Bell hole 
distribution was analyzed in a portion of Cueva de los Pajaros and was found to be 
non-random (Figure 24). Bell holes in the cave do appear to cluster; however, 
clustering does not appear to be associated with passage morphology. 
Several theories have been proposed for bell hole formation and fall into two 
categories: vadose and phreatic. Examination of these theories in light of the key 
characteristics identified by the morphological analyses fails to yield a process 
which accounts for all the pertinent observations. The rejection of bat activity and 
condensation corrosion all but eliminate the possibility that bell holes form in the 
vadose zone. A phreatic process concurs with the observation that bell holes 
occur almost exclusively in phreatically formed passages. Although the specific 
details of the phreatic process that forms bell holes are unclear, some conclusions 
can be drawn. Vadose percolation and density-driven convection cells account 
reasonably well for many of the characteristics of bell holes, including bell pits and 
bell hole width. However, the evidence to implicate definitively one:-pt:e,c~or the 
other is lacking. The process behind bell hole development must be able to work 
in slow moving turbulent regimes and/or laminar flow condition in order function 
in the flank margin caves. Additionally, the verticality of bell holes suggests that 
their is a gravitational control on the process in question. 
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Although the similarity in characteristics such as width, shape of opening, and 
profile shape bridge gaps between geographic location, geologic setting, and 
speleogenesis the possibility exists that bell hole origin is polygenetic. In the 
future, detailed geochemical and kinetic modelling and collection of more data 
from additional locations may shed light on the process( es) behind bell hole 
development. 
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Table 1. Summary ofbell hole dimensions and characteristics for the various caves studied (all units 
are centimeters). 
Lighthouse Cave Nx = 27 Ny= 27 Cueva de los Parajos Cylinder Portions Nx = 11 Ny= 11 
X-axis X-axis cross Y-axis 
Y-axis X-axis X-axis Y-axis 
Y-axis 
x-axis x-axis Y-axis Helgh1 Y-axis 
Cross X-axis X-axis Width Helghtto Cross Y-axis Y-axis Height to 
Cross 
Width Height to 
Sectional Width 
Height lo Sectlonal Height Sectional Height Width SectionalHeight Width Ratio Area Width Ratio Width Ratio Width Ratio Area Area Area 
49.99 35.88 1.44 1277.86 50.13 29.23 1.80 1032. 62 17.37 15.21 1.13 169.87 16.84 12. 93 1.29 154.48 
17.60 8.76 0.54 559.49 17.84 6.09 0.79 377.74 7.04 2.93 0.36 71 .90 5.58 2. 61 0.32 74.80 
N = 27 N = 11 
Overall Helciht Width HfW Ratio Area Overall I Helciht Width HfW Ratlol Area I 
Mean 50.06 32.56 1.62 1155.24 Mean I 17.11 14.07 1.21 162.171 
Std Dev 15.80 6.37 0.61 422.21 Std Dev I 6.01 2.68 0.32 71 .71 
Major's Cave Nx = 16 Ny= 16 Arley Avenue Nx = 24 Ny,. 24 
X-axis X-axis cross Y-axis Y-axis x-axis 
X-axis Y-axis Y-axis 
X-axis X-axis Y-axis Cross X-axis Cross Y-axis Y-axis Cross 
Height Width 
Height to Sectional Y-axis Helgh1 Width 
Helghtto Sectlonal Height X-axis Width Helghtto Sectional Height Width 
Height to Secllonal 
Width Ratio Area Width Ratio Area Width Ratio Area Width Ratio Area 
61 .16 32.83 1.88 1387.97 59.23 29.11 2.05 1296.77 15.26 37.82 0.40 367.33 14.63 27.65 0.50 262.70 
20.61 4.00 0.62 544.41 18.83 4.24 0.65 534.10 7.48 14.37 0.13 313.57 11 .30 9.81 0.31 245.29 
N = 16 N = 24 
Overall I Height Width HfW Ratio Area Overall I Helaht Width HfW Ratlol Area 
Mean I 60.20 30.97 1.96 1342.37 Mean I 14.94 32.73 0.45 315.021 
Std Dev I 19.49 3.89 0.62 534.53 Std Dev I 9.09 11.37 0.21 269.491 
Cueva de los Parajos Nx = 30 Ny= 30 Saltpetre Cave Nx = 7 Ny:1 7 
X-axis X-axis cross Y-axis Y-axis X-axis X-axis Y-axis Y-axis X-axis X-axis Height to Sectional Y-axis Height Y-axis Height to cross X-axis X-axis Width Height to Cross Y-axis Y-axis Height to Cross Height Width Width Sectional Height Sectional Height Width SectionalWidth Ratio Area Width Ratio Area Width Ratio Area Width Ratio Area 
32.22 39.44 0.85 662.86 29.30 32.78 0.95 502.29 23.31 38.31 0.63 447.42 22.18 35.62 0.65 408.23 
11 .11 11 .79 0.29 378.40 9.82 11.06 0.37 276.55 4.01 6.82 0.18 103.30 5.38 5.32 0.22 64.90 
N =30 N=7 
I Overall Height Width HfW Ratio Area I I Overall I Helaht Width HfW Ratlol Area I 
I Mean 30.76 36.11 0.90 582.571 I Mean I 22.75 36.96 0.64 427.83 
Std Dev I 9.95 10.98 0.32 302.78 Std Dev I 4.38 5.95 0.20 76.10 
All Locations N = 115 
Overall I Helc:iht Width H/W Ratio Area I 
Mean I 36.11 33.68 1. 13 775.98 I 
Std Dev 20.78 9.02 I 0.71 534.00 I 
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n_Qf I Y-axis) I t Value* 27127 2.010 16/16 2.042 30130 2.002 11/11 2.086 24124 2.015 7ll 2.179 
Height same 0.029 same 0.277 same 1.079 same 0.196 same 0.228 same 0.446 








H/W Ratio same I 1.955 I I 0.757 I same I 1.165 I I 1.102 I I 1.457 1 0.186 
Cross Sectional Area same I 1.888 
same 
I same I 0.478 I same I 1.876 I same I 0.492 I same I 1.288 1 0.850 
*maximum t score at which null hypothesis will be f1Ccepted with alpha= 0.05 
same = no significant difference, accept null hypothesis 
diff = significant difference, reject null hypothesis 
\0 
00 
Table 3. Statistical comparison of mean bell hole dimensions between study localities. 
Caves Lighthouse Cave, Major's Cave, 
Cueva de los Pajaros, Arley Avenue 
Saltpetre Cave 
Statistical Method ANOVA F Value* = 2.950 
Dimensions Height Width H/W Ratio Area 
F score 39.79 1.325 34.059 29.971 
Results Different Same Different Different 
d.f.1 = 4, d.f.2 = 99 
Caves Cueva de los Pajaros, Arley Avenue, 
Saltpetre Cave 
Statistical Method ANOVA F Value*= 3.930 
Dimensions Height Width H/W Ratio Area 
F score 19.83 0.81 18.657 6.396 
Results Different Same Different Different 
d.f.1 = 2, d.f.2 = 58 
Caves Cueva de los Pajaros, Arley Avenue 
Statistical Method Student's t-test t Value* = 2.010 
Dimension Height Area H/W Ratio Area 
t score 6.092 1.102 6.210 3.431 
Result Different Same Different Different 
d.f. = 52 
alpha= 0.05 
*maximum score at which null hypothesis will be accepted with alpha = 0.05 
same =no significant difference 
different = significant difference 
Caves Lighthouse Cave, Major's Cave 
Statistical Method Student's t-test t Value* = 2.020 
Dimensions Height Width H/W Ratio Area 
t score 1.671 1.015 1.759 1.197 
Results Same Same Same Same 
d.f. = 41 
Caves Cueva de los Pajaros, Saltpetre Cave 
Statistical Method Student's t-test t Value* = 2.030 
Dimensions Height Width H/W Ratio Area 
t score 3.261 0.282 2.728 2.483 
Results Different Same Different Different 
d.f. = 35 
Caves Arley Avenue, Saltpetre Cave 
Statistical Method Student's t-test t Value* = 2.045 
Dimensions Height Width H/W Ratio Area 
t score 3.139 1.309 2.163 1.817 
Results Different Same Different Same 
d.f. = 35 
n: Arley= 24 
Lighthouse = 27 
Major's= 16 
Pajaros = 
Saltpetre= 7 \0 \0 
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AA 001a 10.75 40.00 0.27 243.75 9.00 39.25 0.23 225.25 
AA003 11.00 33.34 0.33 224.17 8.00 24.00 0.33 112.75 
AA004 20.75 45.25 0.46 528.25 13.00 34.00 0.38 235.50 
MOO? 16.50 47.00 0.35 380.38 10.25 31.50 0.33 182.13 
AA008 14.25 32.00 0.45 287.00 13.75 29.34 0.47 248.17 
AA008a 6.50 28.00 0.23 92.75 5.75 23.00 0.25 69.81 
AA009 8.25 32.00 0.26 138.50 5.50 18.00 0.31 60.50 
AA010 7.00 28.00 0.25 102.75 6.00 24.00 0.25 81.00 
AA011 11 .50 23.50 0.49 126.63 11 .75 20.00 0.59 108.75 
AA013 9.00 19.50 0.46 108.00 4.75 14.00 0.34 40.50 
AA014 25.00 48.00 0.52 718.25 32.00 29.00 1.10 572.00 
AA015 25.75 32.50 0.79 555.63 46.50 29.00 1.60 786.88 
AA016 8.25 26.00 0.32 117.50 5.50 19.00 0.29 62.38 
AA017 10.50 30.00 0.35 176.00 5.00 18.00 0.28 50.00 
AA018 24.00 51.00 0.47 592.25 23.75 41 .50 0.57 530.94 
AA019 15.25 37.80 0.40 365.55 7.50 25.33 0.30 115.83 
AA020 22.00 54.00 0.41 612.00 28.50 42.00 0.68 534.50 
AA021 27.25 50.00 0.55 825.00 25.25 47.33 0.53 730.67 
AA022 30.25 76.00 0.40 1384.25 34.25 40.00 0.86 733.75 
AA023 22.50 42.00 0.54 487.50 17.25 33.33 0.52 312.00 
AA024 15.25 62.00 0.25 474.50 12.50 25.00 0.50 187.25 
AA025 7.50 16.00 0.47 57.50 7.75 13.50 0.57 66.38 
AA026 8.25 20.00 0.41 70.00 3.75 11.50 0.33 24.44 
AA027 9.00 33.75 0.27 147.78 13.75 32.00 0.43 233.50 
Mean 15.26 
7.48 
37.82 0.40 367.33 14.63 27.65 0.50 262.70 
Std Dev 14.37 0.13 313.57 11.30 9.81 0.31 245.29 
Overall Height Width H/W Ratio Area 
Mean 14.94 32.73 0.45 315.02 
Std Dev 9.48 13.21 0.24 283.47 
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Table 5. Bell hole dimensions for Cueva de los Pajaros, Isla de Mona, Puerto 
Rico. 
X-axis X-axis Cross Y-axis Y-axis X-axis X-axis Cross 
Height Width Height to Sectional Y-axis Height Y-axis Width Height to Width Ratio Area Width Ratio Sectional Area 
CC-9701 35.20 42.00 0.84 715.60 31 .90 39.00 0.82 461.40 
CC-9702 28.70 46.50 0.62 675.80 22.70 42.00 0.54 580.40 
CC-9703 33.00 52.50 0.63 1050.00 42.00 52.00 0.81 1212.00 
CC-9704 54.00 39.00 1.38 1412.00 41 .00 33.00 1.24 640.00 
CC-9705 40.00 46.00 0.87 665.75 29.50 34.00 0.87 517.20 
CC-9706 40.80 55.00 0.74 1474.70 37.00 50.00 0.74 1083.50 
CC-9707 47.00 56.00 0.84 1121.50 39.50 50.00 0.79 865.00 
CC-9708 26.00 32.00 0.81 291 .75 22.00 23.00 0.96 197.50 
CC-9709 30.00 40.50 0.74 558.50 31 .00 37.00 0.84 588.00 
CC-9710 37.25 29.50 1.26 589.00 35.00 29.00 1.21 593.50 
CC-9711 35.50 49.25 0.72 823.00 32.75 48.75 0.67 698.25 
CC-9712 20.25 25.00 0.81 259.69 23.50 24.75 0.95 392.50 
CC-9713 24.25 49.00 0.49 621.50 20.75 37.25 0.56 412.50 
CC-9714 18.00 32.00 0.56 258.13 24.00 25.00 0.96 361.38 
CC-9715 21.25 19.00 1.12 265.13 20.25 17.25 1.17 204.00 
CC-9716 29.00 46.00 0.63 725.06 16.75 28.50 0.59 232.88 
CC-9717 47.00 33.50 1.40 713.00 55.00 26.25 2.10 711.50 
CC-9718 15.75 19.25 0.82 144.00 15.00 16.00 0.94 170.50 
CC-9719 28.50 29.00 0.98 409.00 32.50 27.50 1.18 407.50 
CC-9720 46.25 31.25 1.48 668.25 43.00 23.25 1.85 503.13 
CC-9721 27.75 23.00 1.21 297.50 24.25 16.00 1.52 241.88 
CC-9722 16.00 40.50 0.40 383.25 17.00 23.50 0.72 243.06 
CC-9723 43.00 39.00 1.10 568.00 37.75 36.50 1.03 559.00 
CC-9724 48.75 56.50 0.86 1510.94 28.75 26.50 1.08 350.50 
CC-9725 44.25 68.25 0.65 1243.25 42.25 59.00 0.72 1117.50 
CC-9726 28.00 45.00 0.62 657.88 30.00 37.00 0.81 508.95 
CC-9727 40.50 35.75 1.13 697.63 27.00 26.00 1.04 336.00 
CC-9728 14.75 31.00 0.48 287.94 18.25 28.50 0.64 243.13 
CC-9729 27.00 32.50 0.83 449.38 19.00 29.00 0.66 273.00 
CC-9730 19.00 39.50 0.48 348.63 19.50 38.00 0.51 363.00 
Mean 32.22 39.44 0.85 662.86 29.30 32.78 0.95 502.29 
Std Dev 11.11 11 .79 0.29 378.40 9.82 11.06 0.37 276.55 
Overall Heiaht Width H/W Ratio Area 
Mean 30.76 36.11 0.90 582.57 
Std Dev 10.50 11 .82 0.33 338.42 
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Table 6. Bell hole dimensions for Cueva de los Parajos Cylinder Portions, Isla 
de Mona, Puerto Rico. 
X-axis X-axis Cross Y-axis Y-axis X-axis X-axis Cross 
Height Width Height to Sectional Y-axis Height Y-axis Width Height to Sectional Width Ratio Area Width Ratio 
Area 
CC-9701C 23.00 21 .00 1.10 239.95 16.00 16.00 1.00 237.00 
CC-9704C 17.00 14.00 1.21 150.00 15.00 10.00 1.50 90.00 
CC-9705C 16.00 14.33 1.12 151.17 19.00 14.00 1.36 150.50 
CC-9707C 22.00 18.00 1.22 238.00 22.00 17.00 1.29 241 .00 
CC-9708C 17.50 11.33 1.54 115.16 17.00 10.50 1.62 113.25 
CC-9709C 10.34 16.66 0.62 161.33 12.00 12.70 0.94 107.01 
CC-9712C 9.00 13.00 0.69 79.13 11.00 11.00 1.00 81 .63 
CC-9714C 11.50 12.50 0.92 96.81 7.75 10.00 0.78 46.63 
CC-9719C 20.25 15.50 1.31 237.75 24.50 14.00 1.75 231 .00 
CC-9723C 33.00 18.00 1.83 295.50 25.50 16.00 1.59 257.50 
CC-9724C 11.50 13.00 0.88 103.75 15.50 11.00 1.41 143.75 
Mean 17.37 15.21 1.13 169.87 16.84 12.93 1.29 154.48 
Std Dev 7.04 2.93 0.36 71.90 5.58 2.61 0.32 74.80 
overall Height Width H/W Ratio Area 
Mean 17.11 14.07 1.21 162.17 
Std Dev 6.21 2.95 0.34 72.03 
Table 7. Bell hole dimensions for Lighthouse Cave, San Salvador Island, 
Bahamas. 
X-axis X-axis Y-axis X-axis X-axis Cross 
Height Width Height to Sectional Y-axis Height Y-axis Width Height to Width Ratio Width Ratio Area 
LH-002 87.50 51 .00 1.72 2651 .00 60.00 44.00 1.36 
LH-003 65.00 46.00 1.41 1816.00 55.50 42.00 1.32 
LH-004 63.00 28.00 2.25 1129.00 58.25 20.00 2.91 
LH-005 56.00 26.00 2.15 1002.50 55.00 26.00 2.12 
LH-006 70.50 30.00 2.35 908.00 57.50 24.00 2.40 
LH-007 39.00 31.00 1.26 800.00 42.50 25.00 1.70 
LH-008 58.00 32.00 1.81 1404.00 64.50 29.00 2.22 
LH-009 18.75 24.00 0.78 367.50 16.25 24.00 0.68 
LH-010 26.25 39.50 0.66 1847.00 88.00 32.00 2.75 
LH-011 44.00 27.50 1.60 987.00 43.75 26.50 1.65 
LH-012 52.00 40.00 1.30 1013.50 52.00 34.00 1.53 
LH-013 79.25 38.00 2.09 2033.50 60.00 29.50 2.03 
LH-014 66.50 32.00 2.08 1427.75 93.00 23.00 4.04 
LH-015 57.00 29.50 1.93 1116.63 54.50 20.50 2.66 
LH-016 53.25 31.50 1.69 1050.25 52.00 29.00 1.79 
LH-017 36.00 32.00 1.13 723.00 36.75 30.00 1.23 
LH-018 62.00 29.00 2.14 1375.25 51 .00 24.00 2.13 
LH-019 24.50 41.50 0.59 592.63 28.00 40.00 0.70 
LH-020 38.50 33.50 1.15 1298.00 42.50 29.75 1.43 
LH-021 50.50 39.75 1.27 1621 .25 46.00 24.00 1.92 
LH-022 55.00 38.00 1.45 1734.50 45.25 32.00 1.41 
LH-023 58.75 44.00 1.34 1869.72 70.50 26.00 2.71 
LH-024 37.75 35.00 1.08 970.13 32.00 34.00 0.94 
LH-025 49.50 32.00 1.55 1243.00 60.00 32.00 1.88 
LH-026 29.25 36.00 0.81 790.00 29.25 29.00 1.01 
LH-029 54.00 66.00 0.82 2285.50 41.50 25.50 1.63 
LH-030 18.00 36.00 0.50 445.50 18.00 34.50 0.52 
Mean 49.99 35.88 1.44 1277.86 50.13 29.23 1.80 
Std Dev 17.60 8.76 0.54 559.49 17.84 6.09 0.79 
overall Height Width H/W Ratio Area 
Mean 50.06 32.56 1.62 1155.24 




































Table 8. Bell Hole Dimensions for Major's Cave, San Salvador Island, Bahamas. 
X-axis X-axis Y-axis X-axis X-axis Cross Y-axis Cross 
Height Width Height to Sectional Y-axis Height Y-axis Width Height to Sectional Width Ratio Width Ratio Area Area 
MC-001 64.00 31.00 2.06 1327.63 65.50 29.50 2.22 1434.50 
MC-002 51.00 29.00 1.76 1028.50 40.50 26.00 1.56 750.00 
MC-003 46.50 29.75 1.56 945.50 49.00 27.50 1.78 1100.75 
MC-004 36.25 30.00 1.21 695.00 25.50 23.00 1.11 336.13 
MC-005 73.25 38.50 1.90 1942.13 72.50 32.00 2.27 1861.31 
MC-006 107.50 38.50 2.79 2509.88 94.00 37.00 2.54 2427.50 
MC-007 73.75 40.00 1.84 2101.50 67.25 37.75 1.78 1959.44 
MC-008 54.75 29.50 1.86 1271 .00 57.25 28.00 2.04 1174.00 
MC-009 86.00 29.00 2.97 1837.19 77.50 25.50 3.04 1614.88 
MC-010 40.50 31.00 1.31 798.00 39.25 30.00 1.31 799.50 
MC-011 66.50 34.00 1.96 1524.00 70.75 25.00 2.83 1314.50 
MC-012 28.00 37.00 0.76 582.58 34.25 34.00 1.01 712.69 
MC-013 48.00 35.00 1.37 1099.88 51.50 26.50 1.94 1009.80 
MC-014 70.50 34.00 2.07 1804.50 75.75 28.00 2.71 1640.00 
MC-015 81.00 27.00 3.00 1562.75 77.25 26.00 2.97 1477.00 
MC-016 51.00 32.00 1.59 1177.50 50.00 30.00 1.67 1136.41 
Mean 61.16 32.83 1.88 1387.97 59.23 29.11 2.05 1296.77 
Std Dev 20.61 4.00 0.62 544.41 18.83 4.24 0.65 534.10 
overall Height Width H/W Ratio Area 
Mean 60.20 30.97 1.96 1342.37 
Std Dev 18.83 4.24 0.65 534.10 
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Table 9. Bell Hole Dimensions for Saltpetre Cave, Carter County, Kentucky. 
X-axis Height X-axis Cross Y-axis Height Y-axis X-axis X-axis Cross 
Height Width to Width Sectional Y-axis Height Y-axis Width to Width Sectional Ratio Area Ratio Area 
SP-007 19.50 47.00 0.41 449.13 19.00 39.66 0.48 380.58 
SP-008 22.50 30.00 0.75 323.50 25.25 29.50 0.86 368.81 
SP-010 17.50 44.00 0.40 474.00 17.50 42.00 0.42 442.00 
SP-012 24.00 30.67 0.78 297.34 21.50 29.00 0.74 311 .75 
SP-013 24.00 41.00 0.59 520.75 19.00 40.42 0.47 453.11 
SP-014 29.50 33.50 0.88 482.63 33.00 32.75 1.01 509.38 
SP-016 26.20 42.00 0.62 584.60 20.00 36.00 0.56 392.00 
Mean 23.31 38.31 0.63 447.42 22.18 35.62 0.65 408.23 
Std Dev 4.01 6.82 0.18 103.30 5.38 5.32 0.22 64.90 
Overall Height Width H/W Ratio Area 
Mean 22.75 36.96 0.64 427.83 
Std Dev 4.60 6.04 0.20 85.34 
Table 10. Approximate dimensions of bell 






















IMean 50.42 33.16 
IStd. Dev. 22.52 13.20 
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